Rain and dew droplets can dislodge or drown small insects and may be important factors that drive adaptations for avoidance and escape. Studying the microstructure of small insects and insect behaviour can help understand these adaptations. We quantified avoidance behaviour and entrapment of nymphs and adults of the tea green leafhopper (Empoasca onukii) using simulated rainfall onto host plant foliage and made observations of pretarsi and abdomen microstructures. Adults responded rapidly to simulated rainfall and escaped by jumping whilst most young nymphs were washed from water-sprayed leaves though older nymphs tended to remain on leaves and subsequently escaped from water droplets. Adults had denser covering of water-repelling brochosomes on pretarsi and abdomen surface than nymphs, and were able to stand on water film whilst most nymphs had multiple penetrating tarsi. Removal of brochosomes from the abdomen of adults reduced hydrophobicity, demonstrating the hydrophobic significance of brochosomes in the capacity of leafhopper to escape from water droplets. Nymphs exhibited a higher pull-off force than adults. This research is one of the few studies to focus on the wettability and water avoidance of small insect pests and has implications for pest management.
. Most small invertebrates have difficulty staying on plants in a storm due to wind and water action. For example, simulated rain can wash apterous Sitobion avenae Fabricius 5 or mites Aeaphylla theae Watt 6 from plants. Dew and rainfall may cause mortality of small insects by entrapment and dislodgement from foliage and this is expected to drive microstructural and behavioural adaptations. Simulated rainfall can wash aphids from plants and their populations are significantly suppressed both in the field and under laboratory conditions 7, 8 . Simulated rain can lead to aphid movement between plants, thus promoting dispersal and plant occupancy 9 . This demands that insects can, after water-induced dislodgement, escape from droplets before drowning. Much more generally among insect, however, non-wetting surfaces are important for interacting with environmental water. For example, a lacewing can take off from a water surface even though its wings contact with the water as a result of arrays of macro-trichia that project from the veins and a dense nano-netting beneath the hairs on the cuticle surface reduces wetting of the wings 10 . The superhydrophobic cuticle of termites is the result of nano-micrasters and macrotrichia on the wing membrane and can allow them to escape from puddles 11 . The leafhoppers are reported to coat their integuments with brochosomes after moulting 12 . Only some lineages of nymphs may produce brochosomes 12, 13 . Brochosomes are spherical microparticles with a honeycomb-like structure that are composed of proteins, possibly with additional components 14 . Brochosomes are excreted from the hindgut and applied to the integument by grooming. Once the liquid brochosomes have dried, leafhoppers begin repeated bouts of grooming to spread brochosomes over their body 15, 16 . Dong and Huang 16 observe that leafhopper individuals synchronously groom when on leaves with water droplets and propose that grooming behaviour is related to the presence of water. Brochosomes protect the integument by repelling water and sticky insect excrement 15, 17 . Rakitov and Gorb 15 report that brochosomes turn the leafhopper wings into a surperhydrophobic state with the average water contact angles (CAs) of 165∼ 172°. In this study, we aimed to test whether experimental removal of brochosomes affected the hydrophobicity of leafhopper body parts and thereby determine their significance to the capacity of the live insect to avoid wetting and escape from water.
We choose the tea green leafhopper, Empoasca onukii Matsuda (Cicadellidae: Hemiptera), (previously named Empoasca vitis (Göthe) in China) as our experimental species, which is a significant insect pest in Asian tea plantations. It has a small body length with males typically ca. 2.5 mm and females ca. 3.0 mm 18 . Both nymphs and adults are phloem feeders on the tender tea bush shoots, where females oviposit. Therefore all the life stages of the species impact on this economically valuable plant. It is known that rain and wind disturbance can interfere with the population dynamics of E. onukii, increasing nymph mortality 19, 20 to the extent that the number of rainy days in March and April can be used to predict the first population peak of E. onukii 19 . It is suggested that both E. onukii adults and nymphs cannot move when there is dew on tea leaves 21 , however this has yet to be tested. We speculated that the hydrophobicity of the insect, particularly the pretarsus would be significant in their capacity to escape from water droplets.
Empoasca onukii is known for its capacity to move rapidly. The adults can leap and fly, and the nymphs run quickly along the tea stem when disturbed. Both adults and nymphs can hide under leaves. It is thought that the impact of insecticide applications for this pest is reduced because of this capacity to move rapidly and seek refuge 22, 23 . Potentially, the adaptations to avoid dislodgement by rainfall, and wetting by water films and droplets could also confer an advantage by reducing exposure to insecticide. We speculated that the escape behaviours might be different between E. onukii adults and nymphs, with adults having the capacity to fly away with their wings and the presence of brochosomes 15 . Whether the nymphs are superhydrophobic had yet to be examined, especially in terms of presence of brochosomes or any micro-and nanoscale hierarchical surfaces.
In this study, we assessed the behavioural responses of E. onukii nymphs and adults to simulated rainfall and examined the surface microstructures of the insect body parts that have direct contact with water at different life stages by scanning electron microscopy. To test the role of brochosomes, we removed them by using polyvinylsiloxane, and conducted experiments to compare the pull-off force and contact angle between nymphs and adults and water droplets both with and without the brochosomes. Rakitov and Gorb have reported that the hydrophobicity is reduced when brochosomes are removed from the wings of leafhoppers 15 . We therefore hypothesized that brochosomes found on body parts other than the wings might play an important role in hydrophobicity of the insect.
Results
Escape behaviour. Response time of adult E. onukii was 0.030 ± 0.005 s from the arrival of the first droplet on the leaf. Although some water came into contact with some adults, all escaped successfully by jumping (see Table 1 and supplementary material, Video S1). At the other extreme, no first instar nymphs escaped wetting, all became trapped in the resulting water film, and were washed from the leaf (see supplementary material, Video S2). For N2-3 nymphs, only 15% of individuals escaped the water droplets with a mean escape time of 48.70 ± 3.05 s after cessation of spraying for 1 min (Table 1 ). It was difficult for the nymphs to remove their abdomen from the water droplets (see Fig. 1 and supplementary material, Video S3). Though able to draw their anterior portion from the water, adhesion between the water and the abdomen and hind legs often prevented escape. For the larger N4-5 nymphs, 85% of the individuals escaped droplets and did so at a mean of 17.40 ± 2.78 s after cessation of spraying for 1 min i.e., less than half the time taken by N2-3 nymphs ( Table 1) .
Microstructure of the pretarsi and abdomen. Microstructure of pretarsi. SEM revealed that the shape of adult pretarsi was flatter than nymph pretarsi. Adult pretarsi had a pair of wide flat arolia (terminology according to Snodgrass 24 ) between the claws of each pretarsus ( Fig. 2A,B,C) . On the apex of the arolium, there were many fine grooves, which were filled with numerous brochosomes (Fig. 2D) . The basal part of the pretarsus, which was about a third the length of the pretarsus, consisted of a pair of pulvilli. Arolia and pulvilli were fused with no demarcation. For N4-5 nymphs, the pretarsus was more elongated, with a pair of large, pouch-like pulvilli that were nearly three-quarter of the pretarsus length. The arolia between the nymph claws ( Fig. 2E ,F,G) had a more marked concavity than those of the adult. Few brochosomes were present on nymph pretarsi (Fig. 2H) .
Microstructure of the abdomen. For adults, masses of brochosomes were distributed on both dorsal and ventral surfaces of the abdomen (Fig. 3A ,B). For nymphs, brochosomes were mainly located on the ventral surface of the abdomen and the number of brochosomes increased with the instar (Fig. 3D ,E), while only few brochosomes on the dorsal surfaces (Fig. 3C ). The average diameter of brochosomes was 0.30 ± 0.01 μ m for both nymphs and adults. When brochosomes were removed, both dorsal and ventral aspects of the adult abdomen had uniform fish-scale structures formed with microtrichia ( Fig. 3a,b) . The microtrichia on the ventral abdomen (0.7-1.6 μ m) ( Fig. 3b) were slightly longer than those on the dorsal abdomen (0.3-0.6 μ m) (Fig. 3a) . In all the nymph stages, six lines of sensory setae (45.0-85.0 μ m) were distributed on the dorsal surface of the abdomen, and the cuticle was quite glossy (Fig. 3c ). The microstructures on the nymph ventral abdomen varied with life stages. For younger instars (1st and 2nd), the ventral surface contained many micropapillae (0.3-0.8 μ m) with few brochosomes ( Fig. 3D,d ) while in older instars (3rd to 5th), micropapillae in the middle part of the ventral abdomen were absent and only a few microtrichia (0.7-1.6 μ m) were found ( Fig. 3e ) but with many brochosomes (Fig. 3E ).
Properties of pretarsi and abdomen. Wettability of pretarsi. When individual insects were deposited on water, adults stood on the water surface, with only their pretarsi touching the water surface. Only two adults had their two middle legs penetrating the water surface. In contrast, 17 of the 20 nymphs had at least five legs dipping into the water and three nymphs had all of their legs dipping into the water. The abdomen of all of the nymphs touched the water surface. All insects drowned in the soybean oil because of reduced surface tension.
Contact angle measurements of abdomen.
For adults, the CAs of ventral and dorsal abdomen surfaces were significantly reduced from an average of 149.10 ± 1.03° to 125.35 ± 0.69° when brochosomes were removed (t = 19.812, df = 7, P < 0.001) (Fig. 4) . A similar reduction was observed for the ventral surface (t = 4.001, df = 7, P = 0.016) of the nymph abdomen but not for the dorsal surface (t = 1.483, df = 7, P = 0.212). The nymph abdomen surfaces could be considered hydrophobic, since the average CA was 133.3 ± 1.27° for ventral and dorsal abdomen surfaces with brochosomes, and the average CA was 127.70 ± 0.71° for the bared abdomen surfaces.
Pull-off force (POF) of pretarsi. The POF of nymph pretarsi was significantly greater than that of adults (P < 0.0001) (Fig. 5A ) whether on tea leaf or water droplet. The POF of nymph pretarsi from water was 108.6 ± 11.9 μ N, nearly 28 times its gravitational weight (3.8 ± 0.1 μ N), and was higher than the POF from a tea leaf surface (96.7 ± 6.9 μ N) (t = 3.452, df = 7, P = 0.026). For adults, pull-off force of pretarsi from water was significantly lower than the value for tea leaf surfaces (t = 7.410, df = 7, P = 0.002), representing about 7 times the insect's gravitational weight (4.9 ± 0.11 μ N).
Pull-off force of abdomen. For both adults and 4-5th instar nymphs, POF values of brochosome-free abdomens (bared groups) were significantly higher than the values of brochosome-covered integument (intact groups) (P < 0.001, Fig. 5B ). The difference was especially important for adult ventral abdomen surfaces where the POF value of bared integument (89.2 ± 3.6 μ N) was nearly twice as the value of intact integument (46.1 ± 1.2 μ N). With or without brochosomes, the POF values of nymph abdominal surfaces were obviously higher than adults (P < 0.001, Fig. 5B ). Comparing intact groups, the POF values of adult dorsal side was higher than adult ventral side, but the nymph's values were opposite, the value of dorsal-nymph was lower than ventral-nymph. When the brochosomes were removed by PVS film, POF of the nymph's ventral abdomen (127.8 ± 3.3 μ N) from a water droplet was significantly greater than the nymph's dorsal abdomen surface (100.5 ± 5 μ N) (t = 3.470, df = 7, 
Discussion
The present study showed that tea green leafhopper has a range of behavioural and microstructural adaptations, with brochosomes playing a key role in hydrophobicity, to minimise entrapment in water. Adult E. onukii can escape entrapment by taking-off rapidly from sites subject to simulated rainfall. Nymphs, in contrast, did not escape from sprayed leaves. Most early instar individuals were washed away in spray run-off. In contrast, older nymphs were able to adhere to the leaf and subsequently escape the water surface tension after cessation of spraying. Our study demonstrates that the adults and nymphs of different developmental stages have different behavioural responses to simulated rainfall but further work is clearly necessary to determine the field significance of this behaviour and the fate of insects of each category.
Under natural conditions, adults would likely find refuge under leaves or within the canopy. In the present experiment, adults left sprayed leaves in an average of 0.03 s after the first droplets hit the substrate (or insect body), a value close to the 0.037 ± 0.006 s that Brackenbury 25 reported as time for wings to be opened, representing a very rapid response to the spraying. Accordingly, all the adults escaped entrapment and subsequent dislodgement by 'wash-off ' from the sprayed leaves.
We found that pretarsus microstructure of E. onukii varied with life stages. The nymph's pretarsi resemble those of adult potato leafhopper E. fabae 26 , with a concave arolia structure that may assist adhesion to dry leaf surfaces. In contrast, adults of E. onukii would more easily re-settle on leaves after dislodgement and have less need of a high pull-off force from dry leaves. Their pretarsal microstructure may constitute a trade-off for greater hydrophobicity and capacity for rapid locomotion from danger. In particular, the pretarsi of adults had more brochosomes than did pretarsi of nymphs and this was reflected in measurement of pull-off force from water droplets. This is consistent with the observation that adults responded to simulated rainfall by very rapid locomotion from the leaf. A low pull-off force of adult pretarsi would assist this escape response, after which the flying adult could -more readily than the wingless nymph 27 -relocate on host plant tissue and recommence feeding. Hydrophobicity of the adult pretarsus was evident in the observation that this life stage was better able to stand on a water surface without tarsi penetrating the droplet or other body parts contacting the water. This brochosome-associated hydrophobicity of the adult pretarsus is functionally analogous to the water-repellent legs covered with minute hairs with fine nanogrooves of water striders (Gerridae) 4 and crane flies (Tipulidae) with fine hair structure on their legs 28 . The nymph pretarsus had a high pull-off force from dry leaves, close to double that of the adult and this may reflect a life-stage specific adaptation to reduce dislodgement in non-flying nymphs that would otherwise lead to reduced feeding activity and increase exposure to soil-associated predators after dislodgement from the foliage 29 .
The risks associated with dislodgement are particularly great for less mobile insects such as the wingless form of aphids 27 and the early instar nymphs of E. onukii. Nymphs had fewer brochosomes on pretarsi than the adults and this was reflected in higher pull-off forces from water droplets and the greater extent to which pretarsi penetrated water droplets. Simulated rainfall resulted in most nymphs being trapped in water droplets from which escape was particularly difficult for young nymphs.
Brochosomes appear key in reducing the adhesive force between adult abdomen and water. When brochosomes were removed, POF from water was increased significantly. Rakitov and Gorb 15 suggest that leafhoppers have evolved brochosomes rather than particulate wax coats as brochosomes are more effective in protection from excrement and water. The adult abdomen, with more brochosomes showed higher hydrophobicity and lower pull-off forces than that of nymphs, and the CA values of abdomen were similar for both adults and nymphs on the bared (brochosome-free) integuments. These results demonstrate that it is brochosomes rather than microstructure that are chiefly responsible for hydrophobicity in this leafhopper.
Electron micrographs showed that brochosome density on the abdomen was higher in more mature nymphs and this, combined with their greater overall size and strength, accounted for their greater capacity to escape. During the development from nymph to adult, the distribution of microtrichia on ventral abdomen of E. onukii changed from nonuniform into uniform fish-scale array, which suggested they were well-covered by brochosomes. Such life-stage specific differences in adaptations to wetting are known for other insects. In water striders, for example, short microtrichia serve to waterproof the larvae whilst, in adults, this same function conferred by setae 30 . Nymphs had difficulty removing their abdomen from the water droplets due to the strong adhesive force between the abdomen and water. We initially speculated that the adhesive force was derived from interaction between the cuticles of nymph abdomen and the water droplet. The surfaces of rose petals with micro-and nanoscale hierarchical structures have superhydrophobicity and a strong adhesive force, which was described as Cassie impregnating wetting status, and different to "lotus -effect" 31 . But we did not find micro-and nanoscale hierarchical structures on the cuticles of nymph abdomens, so the adhesive force is different from the force happen on the rose petals with water droplets. This is in apparent conflict with the high level of hydrophobicity evident in the contact angle test. We speculate that this is a scale effect and reflects the fact that the distribution of brochosomes on the nymph abdomen is nonuniform. When the nymph abdomen is in contact with a discrete and relatively small water droplets as in the contact angle study, the abdomen exhibits a hydrophobic state. In contrast, when fully immersed in a larger water volume, the fluid may adhere to areas of the abdomen and the area between appendages and abdomen where brochosomes coverage is less complete. The situation was different on E. onukii adults. Aside from this life stage being stronger, its abdomen had rough, uniform fish-scale structures formed by microtrichia, giving it a low pull-off force. In this respect, the abdomen microstructure of the leafhopper adults was similar to that of the dung beetle Copris ochus Motschulsky, which can freely go through the sticky faeces and soil without adhering to them due to pits and protrusions found on its head and body, minimizing adherence of water droplets or particles to body surface 32, 33 . Our study provides the first detailed understanding of the behavioural and microstructural adaptations of E. onukii to wetting and expands on earlier studies of other taxa of small pest insects such as aphids and planthoppers 8, 34 . Further studies may lead to the development of improved biomimetic materials and structures. In the shorter term, the management of small pest insects can be enhanced by increased understanding of the biological adaptations to wetting and dislodgement. In Japan, Sato 35 reports the use of a blower-type machine which sprays a strong wind mixed with small quantity of water to remove small pests including E. onukii. Applications of insecticides, or even overhead irrigation to dislodge pests, may be better timed to target the most vulnerable life stages. From above, improved surfactants that are particularly effective at wetting insects and reducing escape may increase the impact of pesticide sprays or -if cheap and environmentally benign -may be added to irrigation water.
Materials and Methods
Insect samples. Empoasca onukii individuals were collected from a tea plantation located on the campus of Fujian Agriculture and Forestry University (Fuzhou, Fujian Province, China, 119.2 E, 26.1°N). They were reared on fresh tea shoot cuttings that were standing in water under laboratory conditions (26 °C, RH 75~85%, 14 L:10D photoperiod) for at least two generations prior to the experiments.
Escape behaviour. Adults and nymphs were first anesthetized with CO 2 and individually placed on the abaxial surface of tea leaves. When they started to recover, the leaf was slowly moved into a vertical position reflecting its natural orientation with the shoot fixed on a block of moist floral foam. Insects were allowed to settle for 3 min in this position, which was a sufficient time for the insect to fully recover. For studies with adults, water was then sprayed with a hand sprayer (Yuyao Bluebird Garden Tools Co. Ltd., Ningbo, ZheJiang, China) until the insect escaped. This was recorded at 50 frames per second with a video camera (Sony 360E, Shanghai, China). The escape time was determined using Sony Vegas pro 11.0 software. For the nymphs, water was sprayed in the same manner for 1 min or until the insect was washed from the leaf. Nymphs remaining on the leaf were monitored for an additional 2 min to determine whether they were able to escape water droplets. Nymph behaviour was recorded as described above and escape time, when this occurred, was determined using Sony Vegas pro 11.0 software. The average volume of droplets was 0.2 ± 0.05 μ L and the time for water droplets to travel from the sprayer nozzle to the leaf was 0. 23 Microstructure of pretarsi and abdomen. Microstructure of pretarsi. Eight adults and eight nymphs of late instars (N4-5) were dissected under 40× magnification (Olympus SZX16, Shanghai, China) after fixation with 2.5% glutaraldehyde for 24 h at 4 °C. The insects were then rinsed four times for 15 min in phosphate buffer saline (PBS, 0.1 M, pH 7.2) and then dehydrated in a graded ethanol series 16, 36 . The samples were air-dried and mounted on copper stubs with double-sided copper sticky tape and sputtered with 25 nm gold/palladium (40/60) in a KEOLLV 1680 (EIKO, Japan) high resolution sputter coater. The samples were subsequently examined using scanning electron microscopy (SEM) (Jeol JSM-6380 LV SEM) operated at 15 kV.
Microstructure of abdomen. Samples of 16 adults and 12 nymphs for each instar (N1-5) were prepared as described for pretarsi studies. Brochosomes were removed from half of the insects in each sample using polyvinylsiloxane (PVS) (3 M ESPE, Dental Products St. Paul, MN 55144, USA) following Rakitov and Gorb 15 allowing a clearer view of the underlying microstructure of the integument.
Properties of pretarsi and abdomen. Wettability of pretarsi. To examine the interactions between the leafhopper pretarsi and water surface, a Petri dish was filled with 15 mL of water or soybean oil (as a control for surface tension) and placed on the stage of a microscope (Olympus SZX16, Shanghai, China). An adult (n = 20/ substrate) or a nymph of 4-5th instar (n = 20/substrate) was transferred onto the liquid surface using a brush. Wings were removed from the adults to prevent escape. The reaction of the insect to the liquid was recorded using a digital camera with macro lens (Nikon D60, Thailand). The surface tensions of the water and soybean oil were measured by surface tension apparatus (BZY-2, Shanghai Hengping Scientific Instrument Co. Ltd., Shanghai, China) at 25 °C and approximately 50% RH (results: 71.9 ± 0.61 dyne × cm −1 for water and 39.1 ± 1.67 dyne × cm −1 for oil).
Contact angle measurement of abdomen.
To examine the wettability of the abdomen surface, we used the sessile drop method 3 in which a droplet of water was placed on the abdomen and an optical contact angle (CA) meter (Automatic Contact Angle Meter, SL200A, Shanghai, China) measured the extent to which the droplet either beaded or flattened against the insect. First, insects were killed with ether and fixed on glass slides with double-sided adhesive tape with either the ventral or dorsal surface exposed. Because a CA measurement requires the substrate to have a flat surface, an entomological needle was used to pierce and flatten the abdomen, with paper tissue used to absorb body contents. Water droplet size was 1.5 μ L for adults and 1 μ L for nymphs (4-5th instar). Measurements were made for the dorsal and ventral surfaces of each insect and for insects with intact brochosomes and from which brochosomes were removed. Eight insects were used for each category and treatment.
Pull-off force of pretarsi from leaf surface and from water. A custom-made balance, based on Eisner 37 , was used to measure the force required to pull insects from the surface of a water droplet and thereby indicate the level of difficulty associated with their escape. This was compared with force required to pull insects from the surface of a tea leaf. A 12 cm long plastic drinking straw was mounted on a stand with an 8 cm long cotton thread attached to each end. One string was connected to a gold wire (∅ 10 μ m × 3 cm) that was attached to the live insect's thoracic notum using silver glue. Sections of gold wire (∅ 10 μ m × 2 cm) were attached to the opposite as adjustable weights. We first added sufficient gold wire to keep the straw balanced against the mass of the insect (W1 = mass × g) without touching any surface. The insect was then placed on the abaxial surface of a tea leaf. To estimate the pull off force of the insect from the leaf, additional gold wire weights (W2) were added until the insect was pulled from the leaf. The pull-off force (POF) was estimated as the difference between W2 and W1. To measure POF from water, an insect was first weighed (W1) as previously described and then transferred onto a 6 μ L water droplet located on the abaxial surface of a tea leaf. The POF from water was measured in a similar fashion by adding gold wires until the insect was pulled from the water droplet (W2). For both substrates, POF was measured for 8 nymphs (4-5th instar) and 8 adults. To obtain a direct measure of the mass of these small insects, the weight of three batches of 50 adults and 50 nymphs was determined using an electronic analytical balance (d = 0.1 mg) (Sartorius Scientific Instruments Co. Ltd, Beijing).
Pull-off force of abdomen from water. The POF was used to evaluate the adhesive force between the insect abdomen and a water droplet as an indicator of the hydrophobicity of the abdomen. As the leafhopper hind legs of both nymphs and adults cover the ventral abdomen, the insects were anesthetized by exposing them to a CO 2 atmosphere for 30 s, the hind legs were removed and dental wax of low melting temperature was applied to seal the wounds. The POF method was as described for pretarsi except the sample insect was transferred onto the 3 μ L water droplet with only its abdomen touching the water surface. Four groups were tested: adults, nymphs (4-5th instar) and each of them following brochosome removal (n = 8 per group).
